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Abstract

Titanium carbide (TiC) and titanium diboride (TiB,) ceramic disks, with diameters of
100 mm and thicknesses of 25 mm, were fabricated with densities above 95% and 98% of
theoretical, respectively, using a self-propagating high-temperature synthesis/dynamic
consolidation (SHS/DC) process. First, an SHS reaction was initiated in a green body made from
precursor powders. Second, after the completion of the SHS reaction, the freshly synthesized
ceramic product was densified to near-full density by the action of the detonation of an
explosive. With a focus on potential military and civilian applications, the structural and
mechanical properties of the products were evaluated. Furthermore, the relationship between
process conditions, microstructure development, and mechanical properties was investigated.
Finally, correlations of the properties with key processing conditions were used to establish
guidelines for the fabrication, scale-up, and commercialization of the process.
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1. Introduction

There is great interest in the development of light armor for improving the performance of
armored vehicles and for using in some domestic applications. The major requirements for an
armor material include high compressive strength, high elastic impedance, and low specific gravity
[1, 2]. Titanium diboride (TiB;) and titanium carbide (TiC) possess these characteristics and are
ideal candidates for applications in armor. In addition, they are refractory (melting points for TiB,
and TiC are 2,980° C and 3,067° C, respectively), ultrahard (hardnesses for TiB, and TiC are
3,400 kgmm2 and 3,200 kg/mmz, respectively), wear resistant, thermal shock resistant, chemically
stable, and lightweight (densities of TiB, and TiC are 4.571 kg/em® and 4.911 kg/em’®,
respectively) [3-5]. These properties make TiB, and TiC attractive for other applications, including

use in cutting tools, wear-resistant components, rocket nozzles, and jet engine components.

The fabrication of TiB, and TiC ceramics by conventional sintering, hot-pressing, or
hot-isostatic pressing (HIPing) of TiB, and TiC powders is costly because of the time-intensive and
facility-intensive nature of these processes. The application of TiB, and TiC ceramics has thus
been limited. The development of the self-propagating high-temperature synthesis (SHS)
technique, however, may provide an economical method for producing TiB, and TiC ceramics.
The SHS process takes advantage of the extreme heat generated during the formation of some
refractory materials. When a mixture of the constituent elements is ignited at one end, the highly
exothermic reaction propagates spontaneously and rapidly and converts the reactants into a
refractory product. The reaction temperature can exceed 2,500° C. The SHS technique has
attracted attention as a route to a variety of refractory materials, including borides, carbides,

nitrides, silicides, and intermetallic compounds [6-21].

The SHS products cannot be used directly as structural materials because they are generally
quite porous (the porosity can be as high as 50 volume-percent). This porosity can be reduced by
compressing the SHS product while it remains at a temperature above its ductile-brittle transition

point. A number of methods that combine a compaction step with the SHS process have been




developed in order to exploit the high post-reaction temperature. Among these are
SHS/hot-pressing [22, 23], SHS/HIPing [24, 25], SHS/hot-forging [26, 27], SHS/hot-rolling [28],
and SHS/dynamic compaction (DC) [29-32]. These methods hold promise for the economical
synthesis of armor materials due to their low costs and high productivity, as compared to
hot-pressing and HIPing. While the costs of products generated using the SHS-based techniques
are yet to be compared, the SHS/DC method is the least facility-intensive and time-intensive
process. This technique has been employed for the synthesis of TiB,, TiC and hafnium carbide
(HfC) by scientists at the U.S. Army Ballistic Research Laboratory (BRL)" [29-31, 33-37].

2. Literature Survey

While the SHS technique was developed more than a century ago, it did not receive much
attention until the mid-1960s, when Merzhanov [38, 39] (in the former Soviet Union) used this
technique to produce powders of refractory compounds. Today, the total number of materials that
can be prepared by this technique exceeds 500, covering a wide range of materials, including
carbides, borides, nitrides, silicides, and intermetallic compounds [6-37]. This progress has
generated a great deal of interest around the world, and a number of research efforts have been

initiated in the U.S. and Japan in the past few years.

Advantages of the SHS process are as follows [11, 13]: (1) the materials are usually purer
because the extremely high reaction temperatures cause the expulsion of volatile contaminates and
no catalysts or other compounds are involved, (2) this process has a high energy efficiency since no
heat is needed except for the ignition, (3) the process has the potential for high production
efficiencies due to the very quick processing times (on the order of seconds instead of hours and
days for competing techniques), (4) the capital investment is low compared to conventional
techniques, and (5) it is possible to produce metastable materials due to the fast cooling rates.
Materials prepared by the SHS process can easily be crushed to form powders; however, they

"BRL was deactivated on 30 September 1992 and subsequently became a part of the U.S. Army Research Laboratory
(ARL) on 1 October 1992.




cannot be used directly as structural materials because of their high porosity (as high as 50%). The
porosity is caused by several factors, including the violent expulsion of volatile contaminants, the

original porosity in the greenforms, and the molar volume difference between the reactants and

products [40].

In order to make dense bodies, the SHS prepared materials must be further processed. There
are a number of processes that combine SHS with a densification step. These processes include the
following [11]: (1) simultaneous synthesis and sintering of the product, (2) use of a liquid phase in
the SHS process to bind the products together and form a dense body, and (3) application of

pressure during or shortly after the synthesis reaction to density the products.

Two primary reasons have limited the use of the first method. First, the SHS reaction time is
too short to achieve sufficient sintering. Second, the expulsion of volatile impurities often causes
swelling of the products. Prolonged post-sintering of the SHS-prepared materials may not be
effective because of the high porosity after the SHS reaction. There are also several problems
associated with the second method. While géneration of a liquid phase may lead to effective
sintering and the production of certain composites or compounds [41, 42], it may not be suitable for
making monolithic compounds with very high melting points like TiB, and TiC. In addition,
shrinkage of the liquid during the rapid cooling could limit the densification.

The last process is based on the concept that, while the temperature of the SHS product is still
above the brittle-ductile transition point, it can easily be compacted by applying a force. This
method has recently received a great deal of attention bécause of its ability to achieve synthesis and

compaction in a short time. The following describes several approaches that have been developed.

 Hot-Pressing - Mixed powders are placed into a die and ignited. A uniaxial pressure is
applied during or shortly after the reaction to compact the hot reaction products into dense

ceramic bodies [22, 23].




 HIPing - The reactant mixture is vacuum-sealed in a glass envelope. The envelope is then
embedded in a combustion reagent in a crucible. The assembly is placed inside a
high-pressure vessel. When the combustion reagent is ignited, the heat generated sets off
the reaction of the powder mixture inside the envelope. During the process, an isostatic
pressure, which mechanically compacts the sample into a dense body, is
maintained [24, 25].

¢ Hot-Forging - The SHS reaction is combined with a forging process so that the hot porous

reaction products are forged into dense ceramics immediately after the reaction [26, 27].

* Hot-Rolling - Mixed reactants encased in insulated tubes are ignited and continuously

compacted in a rolling mill immediately following passage of the reaction front [28].

* DC - Hot porous ceramic bodies formed during the SHS reactions are consolidated to high
density by the action of a pressure wave from the detonation of a high explosive or impact

of an explosively driven flyer plate [29-32].

While the costs and structural properties of the products prepared by these methods have not
been compared, the DC technique has the merit of being less dependent on expensive facilities and
higher in productivity. This method has been extensively studied by Niiler and .coworkers at BRL
[29-31]. They have demonstrated that, under the appropriate conditions, near fully dense TiB,,
TiC, and HfC ceramics could be prepared by this technique. Their work has also provided insight
into the SHS/DC process. Valuable information regarding the effects of the powder characteristics,
inert diluent, impurities, deléy time, and (ratio of the explosive charge [C] mass to the metal driving
plate mass [M]) on the synthesis and compaction was obtained. The results suggested that a pure
starting powder; an appropriate delay time and C/M ratio; and a fixture, including a strong container
and a thermal insulatdr with outgasing vent holes, were essential for the successful synthesis and
consolidation of TiB; and TiC. The microhardness and ballistic performance of SHS/DC-prepared

TiB, and TiC were comparable to those of the hot-pressed materials.




Thadhani and coworkers at the Center for Explosives Research and Technology at New Mexico
Tech, continued the SHS/DC effort [32, 43, 44], based on results reported by Niiler and coworkers
[29-31]. They modified the explosive loading assembly to obtain a more uniform compression of
the samples. Dense TiB, (98% of theoretical) and TiC (95%) compacts were synthesized.
Additional understanding of the process was obtained through both experiments and theoretical

modeling.

T/J Technology, Inc., in response to a solicitation from the U.S. Department of Defense (DOD),
completed a Phase I small business innovative research (SBIR) contract aimed at synthesizing near
fully dense TiB, and TiC plates. This information is used to determine the feasibility of developing
a commercial process based on the SHS/DC technique. The results are presented in this final

report.

3. Technical Objectives

The primary objective of this project was to use the SHS/DC technique to fabricate
100-mm-diameter by 25-mm-thick plates of TiB, and TiC with densities greater than 98% and 95%
of their theoretical values, respectively. The secondary objective was to evaluate the structural and
mechanical properties of the synthesized TiB, and TiC and assess the feasibility of applying these
ceramics in military and civilian uses. Finally, a desire existed to investigate the relationship
between the processing conditions, microstructure development, and mechanical properties of TiB,
and TiC. Of particular interest was the effect of precursor powder purity on the mechanical
properties because pure boron (B) is very expensive. Correlations of the properties with the

processing conditions provide guidelines for scaling-up and commercializing this process.
4. Experimental

4.1 Raw Materials. The starting materials were elemental powders of titanium (Ti),

carbon (C), and B. The purity, particle size, and suppliers of the powders are summarized in




Table 1. Two different B powders were used. The B-1 powder contained 1-5% C, whereas the
B-2 powder was ultrapure. The particle sizes were selected as a compromise between the reduced

reaction rate of larger particles and the inconvenience of handling smaller particles [30].

Table 1. Specifications of the Starting Materials

Material Purity Particle Size Supplier
(%) l
Ti 99.5 -325 mesh Micron Metals
| B-1 >95 -325 mesh Aldrich
B-2 99.5 -325 mesh Atlantic
L C _ 99.9 _ 2pm | Consolidated Astronautics -

4.2 Mixing and Greenform Preparation. The B/Ti atomic ratio of 2:1 and C/Ti atomic ratio
of 0.95:1 were selected based on reports in the literature. A stoichiometric ratio of B/Ti has been
widely used, whereas a range of C/Ti atomic ratios have been employed (0.7-1.19) [9, 29, 30, 40].
Several researchers have reported that the optimum C/Ti atomic ratio is 0.95 for SHS/DC [40, 45].
There are at least two reasons for the use of substoichiometric C/Ti ratios [27]. First, the violent
release of impurities can cause expulsion of Ti from the compact [34]. Second, at the elevated
temperatures at which compaction occurs, nonstoichiometric TiC has a lower yield strength than

stoichiometric TiC [46].

The Ti-B and Ti-C powders were dry-mixed under an argon (Ar) atmosphere for 12 hr in a
V-shaped plastic mechanical blender. Since no milling media was used, the possibility of
contamination during mixing was minimal. The mixtures were uniaxially pressed into disk-shaped
greenforms (100 mm in diameter with 40 mm thickness) using a hydraulic press. The greenforms

were stored in a vacuum chamber to prevent oxidation.

4.3 SHS Reaction and DC. The experimental setup for the SHS/DC is shown in Figure 1.
This is a modified version of the BRL design [30, 32, 40]. The system was made up of layers of
gypsum wallboard, which were center-cored to a diameter slightly larger than that of the reactant
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Figure 1. Experimental Setup for the SHS Reaction and DC.

greenforms. Two telescoping, mild steel rings of equal height were placed between the greenform
and the gypsum to serve as lateral containment during the reaction and subsequent compaction.
The bottom ring and the gypsum block had four matching holes to vent gases released during the
reaction. A Grafoil strip was placed between the steel ring and the greenform to provide thermal
insulation and prevent impurities from diffusing into the reacted compact, Circular driver plates
and momentum traps made of high-hardness steel [47] were epoxied into wooden frames and lined

with zirconia felt and a Grafoil sheet.

The explosive loading assembly consisted of a poly vinyl chloride (PVC) tube into which a
120° gypsum cone was cast. The apex of the cone was lined with a Detasheet booster and filled
with ammonium nitrate mixed with 6-weight-percent fuel oil (ANFO) explosive with a density of
0.9 g/cm’® and detonation velocity of 3,480 m/s. Such a cone-initiated explosive charge assembly
provided a much more uniform pressure loading in comparison to that generated using

sweeping-wave initiation of the explosive charge [32, 40].




Loose powder of the same composition as that of the reactant mixture was placed on the top of
the greenform. The powder was ignited by an electric match using a 115-V source; this, in turn, set
off the reaction between Ti and B or Ti and C in the greenform. The combustion wave traveled
down toward the bottom surface of the greenform, and the completion of the reaction was verified
using a chromel-alumel thermocouple attached to the surface of the momentum trap. Time to
detonation (time delay between reaction completion and explosive compaction) was varied in an
attempt to enhance the densities of the compacts. The same experimental setup was used for the
synthesis of both TiB, and TiC. |

The experimental conditions employed for the Ti-B and Ti-C systems are summarized in
Table 2. The fixture used for the Ti-B system was 200 mm in diameter, whereas both 200-mm and
300-mm fixtures were used for the Ti-C system. Both the C/M ratio and delay time had significant
influences on the product quality. The C/M ratio reflects the pressure applied to the samples during
the explosion. While a low C/M ratio might not generate a pressure sufficient to fully compact the
sample, a high C/M ratio could cause severe cracks and delamination in the sample due to strong
rarefaction forces and edge effects from the shock waves. The C/M ratio suggested in reports by
Niiler et al. [30] was 0.22 for the Ti-B system and 0.44 for the Ti-C system. The difficulty of
compacting TiC compared to TiB; is reflected in the higher C/M ratio. Since the compressive yield
strength at 1,800° C is 50 MPa for TiC [46] and 441 MPa for TiB, [48], a mechanism other than
plastic deformation was probably involved. It has been postulated by Niiler et al. [30] that the
melting point of TiB, was exceeded during the SHS process, whereas that of TiC was not. This
implies that TiB, can be compacted more easily than TiC during SHS/DC because of the presence
of some liquid phase. A C/M ratio of 0.2 was used for the Ti-B system, and two C/M ratios, 0.4

and 0.6, were used for the Ti-C system in this research.

The delay time influences the temperature at which the sample is compacted. A longer delay
time usually means a lower temperature. If the delay time is too long, the compaction of the sample
would be difficult due to the lack of plasticity at low temperatures. If, however, the delay time is

too short, delamination of the sample could occur due to the after-burn phenomenon, leading to a




Table 2. Experimental Conditions for the SHS/DC of TiB; and TiC

Sample Composition C/MRatio | Time Delay Fixture Remarks
(s)

I TB9224 B/Ti=2:1 0.2 10
TB9225 B/Ti=2:1 0.2 5 200 B-1
TB9244 B/Ti=2:1 0.2 10 200 B-2
TB9245 B/Ti=2:1 0.2 15 200 B-2
TB9246 B/Ti=2:1 0.2 20 200 B-2
TC9223 C/Ti=0.95:1 0.6 5 200 —
TC9241 C/Ti =0.95:1 0.4 5 200 —
TC9242 C/Ti=0.95:1 0.4 10
TC9243 C/Ti=0.95:1 0.6 5

low density [32]. The optimum delay time depends on the system. Generally, the higher the
reaction temperature, the longer the optimal delay time. The delay time was varied from 5 to 20's

in the present experiments.

4.4 Characterization. Samples for analysis were cut using a diamond saw from four areas
within the compacts to examine the uniformity of the microstructural and mechanical properties. A
schematic illustrating the locations of the four areas from which specimens were taken is given in
Figure 2. Three specimens were taken from the center of the compact at varying distances from the
impact surface compact top (CT), compact center (CC), and compact bottom (CB). Another
specimen was taken from the area halfway between the compact center and the edge, middle

center (MC). These specimens permitted an assessment of the transverse and radial uniformity.

4.4.1 Density. Density was measured for specimens cut from the central region using the
Archimedes water displacement technique. The specimens were boiled in water for at least 2 hr to
ensure that all open pores were filled with water. The displacement of water by each specimen was
used to calculate the volume of the specimen. The density of stoichiometric TiB, (4.57 kg/ cm’) and
that of TiCyo (4.88 kg/cm3) [27] were used to calculate the relative densities of the TiB, and TiC

samples, respectively.




The second letter refers to the vertical position
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Figure 2. Illustration of Four Major Areas From Which Samples Were Obtained to
Evaluate the Uniformity in Microstructure and Properties.

The pore sizes of selected samples were analyzed using a Micromeritics Model 9310 pore sizer.
Mercury porosimetry is based on the capillary law governing liquid penetration into small pores.
This law, in the case of nonwetting liquids like mercury and cylindrical pores, is expressed by the
following equation [49],

d=-(1/p)4ycosd 1)

where d is the pore diameter, p is the applied pressure, v is the surface tension (485 dyn/cm), and 6
is the contact angle (130°).

4.4.2 Composition. Phase constituents in the SHS reacted, and explosively densified compacts
were determined by x-ray diffraction (XRD) using a Rigaku diffractometer. An energy-dispersive
spectrometer attached to a Hitachi S-800 scanning electron microscope (SEM) was used to
qualitatively analyze the composition of each phase, especially that of any secondary phases or
impurities. The compositions of selected phases were quantitatively analyzed by electron
microprobe analysis using a low-Z window detector capable of detecting B and C. The Ti content
in each phase was assayed against a pure Ti standard. The B/Ti and C/Ti atomic ratios were

calculated by assuming that the only other element was B in the TiB, grains and C in the TiC
grains.

10




4.4.3 Microstructure. Specimens were polished sequentially using diamond pastes with grit
sizes of 45, 30, 15, 6, and 1 um. The polished samples were etched prior to microstructural analysis
using a solution of two parts HNO3, one part CH;COOH, and one part HF. The microstructure was
examined using an SEM. Grain sizes were determined from the SEM micrographs using the linear

intercept technique developed by Mendelson [50], according to the following equation:
D =1.57 C/(NM), 2

where D is the grain size, C is the length of the test line, M is the magnification of the nﬁcrograph,
and N is the number of grain boundary intercepts. The proportionality constant relates the grain
size to the intercept length of a random section though a space-filling array of grains. At least four
micrographs were taken from each area in the compact. Ten lines were drawn randomly on each
micrograph. The average grain size was obtained from over 40 line measurements, which included

several hundred grains and therefore provided a statistically reliable value.

4.4.4 Microhardness. Microhardness was measured by the Knoop indentation technique with
a load of 0.1 kg. The hardness tests were performed on the specimens from all four areas in the
compact. Between 20 and 30 indentations were made in each area to obtain a statistically
significant result. The effect of grain boundary strength on hardness was examined by increasing
the load to 5 and 10 kg.

4.4.5 Young’s Modulus. The Young’s moduli of selected materials were measured based on
the velocity of sound through the specimens. The device used for the measurements consisted of a
pulse circuit, transducer, and oscilloscope. A trigger generator in the system activated an electric
switch, which produced large amplitude pulses. These pulses were applied to a transducer, which
converted them into short ultrasonic pulses. The pulse wave bounced back and forth within the
specimen. Each of the reflections was received by the transducer, and a train of echoes could be

observed on the oscilloscope. The velocity of sound in the specimen was obtained by dividing

11




twice the thickness of the specimen by the time between two successive reflections. The Young’s

modulus, E, was calculated using the following equation [51]:
E=pv’, 3)
where p is the density of the specimen and v is the sound velocity in the specimen.

4.4.6 Compressive Strength. The compressive strength of selected samples was measured
using an INSTRON system. The specimens, with dimensions of 3.6 x 3.6 X 7.2 mm, were prepared
using a surface grinder. The two ends of the specimens were carefully ground so that they were
parallel to each other. Two larger blocks of the same material were used as spacers between the

rams and the test bar. A spherical seat was used to ensure good alignment.
S. Results and Discussion

5.1 TiB,.

5.1.1 Physical Appearance of Compacts. The SHS reacted and explosively compressed
compacts were usually recovered as single piece plates 100 mm in diameter with 25 mm thickness.
A photograph of the impact surface of TB9225 is shown in Figure 3(a). The surface was smooth.
The steel ring maintained its shape with no signs of melting or failure. No major cracks were
observed, but some edge delamination occurred. For some samples synthesized from the ultrapure
B-2 powder (like TB9246, which is shown in Figure 3[b]), the surfaces were much rougher and the

steel rings were distorted or partially melted. Severe cracks were observed in these samples.

The results indicated the effect of the powder composition on the synthesis and consolidation of
the samples. The TB9244 sample was synthesized using the same processing condition as those
used for TB9224 except that the former used the B-2 powder rather than the B-1 powder. The

TB9244 sample showed severe cracks and was blown into pieces. This might be related to the
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(a) TB9225. (b) TB9246.
Figure 3. Photographs of the TiB, Samples Showing Impact Surfaces.

different reactivities and, hence, different temperatures generated using the two powders. Since the
heat of reaction is lower for TiC, C in the B-1 powder may have acted as a diluent and reduced the
violence of the reaction. A 5-s delay time seemed adequate for successful compaction of the
samples when using the B-1 powder. For the samples prepared using the B-2 powder, a 15-s delay
time yielded the best results. A shorter (TB9244) or longer (TB9246) delay time caused severe

cracks.

5.1.2 Density. The density, grain size, hardness, Young’s modulus, and compressive strength
of the TiB, samples are presented in Table 3. The relative density of TB9225 was 99.3% of the
theoretical density. This result indicated that it was not necessary to use ultrapure B powders to
achieve high density. The target density for TiB; in this Phase I project was 98% of the theoretical
density. The lowest density was obtained for TB9246 (<85% of the theoretical density). While the
diminished density for TB9246 compared to the other specimens may have been a consequence of
using the purer B powder (a more violent reaction and failure of the steel containment), it is
believed that the primary reason was that the delay time (20 s) was too long, resulting in sample

compaction at a relatively low temperature.
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Table 3. Density, Grain Size, Hardness, Young’s Modulus, and Compressive Strength of
SHS/DC TiB,

Relative
Sample | Density
(%)

Young’s | Compressive
Grain Size® Hardness® Modulus Strength
(GPa) (GPa)

CT: 3351 + 443 548 + 18
CC. 194 CC: 3291 £310 — —
CB: 16+3 CB: 3309 +274 — —
MC: 17+3 MC: 3193 +375 — —
CT: 18+4 CT: 3356 + 438 — —

TB9224 97.2

CC. 18+3 CC: 3387 %405 — —
89225 93 CB: 174 CB: 3354+ 431 — — :I
MC: 17+4 MC: 3265+ 349 — —
CT: 23+4 CT: 3273+610 — —
. + . o— —
TB9246 846 CC: 290+5 CC: 32771393

CB: 29+7 CB: 3297+ 385 — — h

. MC: 30+9 MC: 3213+ 474 — — I
T ——— e ———— S T T —

® CT, CC, CB, and MC refer to the positions illustrated in Figure 2.

A comparison of the experimental results for TB9224 and TB9225 clearly demonstrated the
effect of delay time on the synthesis and compaction. The higher density for TB9225 relative to
TB9224 was probably due to compaction of the former, while the sample was at a higher
temperature (a shorter delay time), thus enhancing the densification through plastic deformation.

The density measured by the Archimedes immersion technique for TB9225 was further
confirmed by a porosity measurement, which showed a porosity of 0.4 volume-percent. The results
of mercury porosimetry analysis are shown in Figure 4. The total pore volume was 0.0008 cm?/ g,

with 1-, 4-, 12-, and 93-um-pore diameters, each accounting for 25% of the total pore volume.

5.1.3 Composition. XRD indicated that TB9225 consisted primarily of TiB,, with a small
amount of TiC (Figure 5[a]). There was no evidence of residual elemental Tj or B, indicating that
the synthesis reaction proceeded to completion. The TiC was the result of C impurity in the
precursor B powder (recall that B-1 contained 1-5% C). Electron microprobe analysis of the TiB,
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Figure 4. Intrusion Volume Against Pore Diameter for TB9225 Determined by Mercury
Porosimetry Analysis.

grains showed that the B/Ti atomic ratio was 1.75. This corresponds to a B atomic fraction of 0.64,
which is within experimental error of the lower limit of the stoichiometric range for TiB, (0.65), as

given in the Ti-B phase diagram [52].

The XRD pattern of TB9246 is shown in Figure 5(b). Again, TiB, was the major phase, with
TiC being a minor constituent. The TiC content in TB9246 was much lower than that in the
samples prepared using the B-1 powder. One of the peaks in the diffraction pattern has been
attributed to titanium carbonitride (TiCN). The formation of TiCN is possible because TiC and
titanium nitride (TiN) can form an inﬁrﬁte solid solution.

5.1.4 Microstructure and Grain Size. Figure 6 shows an SEM micrograph of TB9225, the
densest TiB, produced in this research. It shows a microstructure relatively free of porosity. This
observation further supported the density and porosity measurements. It should be pointed out that
pores larger than 10 pm were not observed by microscopy. The “large pores” revealed by mercury
porosimetry might actually be cracks in the sample. This would explain the absence of evidence of

large pores in the micrographs.
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Figure 5. XRD Patterns.
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Figure 6. An SEM of TB9225.

The dark phase in the micrograph was due to TiB, grains with shapes that were consistent with
a section cut through randomly oriented hexagonal single crystals. This supported the postulation
that the melting point of TiB, was exceeded during the synthesis since single-crystal formation
could only occur during cool-down from a liquid phase [30].

The light gray phase in Figure 6 was identified as TiC with a C/Ti atomic ratio of 0.80 by
electron microprobe analysis. Some small but very bright white phases were also observed. These
were found, by energy dispersive spectrum analysis, to be an alloy containing mainly Ti and iron
(Fe) with small amounts of nickel (Ni), vanadium (V), and chromium (Cr). These metal impurities
were probably present in the starting materials. The amount of the alloy phase was much less than
that of TiC. Both TiC and the metallic alloy were present primarily at the junctions of the TiB,

grains.

The TiB, grains in samples prepared using the B-1 powder (TB9224 and TB9225) were

relatively uniform in size, with diameters between 15 and 20 pm, depending on their location in the
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compacts. It should be pointed out that almost every line drawn for grain size analysis intercepted
some secondary-phase particles. In order to avoid an inaccurate determination of the TiB, grain
size, the length intercepted by these secondary-phase particles was subtracted from the total length

so that the presence of the secondary phase did not alter the TiB, grain size measurement.

For TB9246, which was prepared using the B-2 powder, no secondary phases were observed.
The average grain size for TB9246 was greater than those for TB9225 and TB9224 (prepared using
B-1 powder). This seemed reasonable, considering that the delay time for TB9246 was 20's,
whereas those for TB9224 and TB9225 were 10 and 5 s, respectively. Longer delay times would
permit the growth of larger grains. Furthermore, the reaction temperature for TB9246 may also
have been higher since the B-2 powder was purer than B-1. This was supported by the observation
that the steel rings used for containing the samples prepared using the B-2 powder always showed
some signs of melting. In contrast, the steel rings used for the samples prepared using the B-1

powder were intact after the reaction.

5.1.5 Microhardness. The values of Knoop microhardness measured for the three TiB,
samples were between ~3,200 and 3,400 kg/mm? The hardness values measured on samples from
different areas were not significantly different. With such a low load (0.1 kg) and careful selection
of locations, indentations were made within TiB, grains so that the effect of the grain boundaries on
the hardness was greatly reduced. The reported hardness for TiB, ranges from 2,710 to
3,900 kg/mm?, depending on the microstructure of the specimen and test conditions [53]. The
hardness given in the literature measured under the same load (0.1 kg) was between 1,800 to
3,500 kg/mm?>. Riley and Niiler [29] reported hardness values between 1,800 and 2,600 kg/mm? for
SHS/DC TiB,, and between 2,500 and 3,500 kg/mm? for hot-pressed TiB,. The hardness of TiB,
measured by Honak [54] under a load of 0.1 kg was 3,400 kg/mm?. Therefore, the microhardness
of the TiB, compacts prepared in this research was in excellent agreement with the values reported
in the literature. Furthermore, the microhardness of the SHS/DC TiB, was comparable to that of
the hot-pressed TiB,.
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The effects of test load on the hardness were also examined. The results are shown in Figure 7.
When the test load was increased from 0.1 to 5 kg, the measured hardness of TB9225 and TB9224
decreased from 3,300 to 1,200 kg/mmz. Under a large load, the indentation covered more than
1 grain. The collapse of the grain boundaries resulted in a low value of the measured hardness.
This suggested weak grain boundary bonding. The weak grain boundary bonding might have been
caused by several factors. First, the individual particles produced by the SHS reaction were
randomly oriented. Although the high dynamic pressure could press them into dense body, there
was very little atomic-level bonding between grains since the cooling rate was so rapid that the
atoms at the grain boundaries did not have an opportunity to adjust themselves. Second, the rapid
cooling rate could cause microcracks along the grain boundaries. These microcracks were often
observed in the high-magnification micrographs. A microgap is clearly evident along the two

neighboring TiB, grains in Figure 8.

While the weak grain boundary bonding reduced the macrohardness, it may be beneficial for the
fracture toughness since debonding of the grain boundaries can effectively deflect cracks. This is
one of the major toughening mechaﬁisms for ceramic materials. The measurement of fracture
toughness was not successful because there were usually no major cracks present when Vickers
indentations were made on these samples. The effect of grain boundary strength on the hardness
and toughness will be addressed during the Phase II effort. Perhaps a relationship between hardness
and fracture toughness can be developed.

In order to examine the effect of grain boundary bonding on the hardness, TB9225 was
annealed at 1,500 and 2,000° C in Ar for 7.5 hr. Boron nitride crucibles were used. The effect of
annealing on the hardness under different loads is shown in Figure 9. Annealing at 1,500° C
increased the hardness from about 1,100 to over 1,300 kg/mmz, whereas annealing at 2,000° C
further improved the hardness to 1,550 kg/mm?. Clearly, the grain boundary strength was improved
by annealing, although the improvement was not enough for the grain boundaries to withstand a
high load (i.e., 10 kg). Nevertheless, the results are promising and the concept of improving grain
boundary strength to produce engineering materials with high bulk hardness was demonstrated.
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Figure 7. Effect of Test Load on Measured Hardness.
5.1.6 Young’s Modulus. The Young’s modulus of the TiB, samples prepared by the SHS/DC
technique was comparable to or greater than that of the hot-pressed TiB,. The results are presented

in Table 3. The average of nine measurements was 548 + 18 GPa. The Young’s modulus for

hot-pressed TiB,, reported by Kotelnikov et al. [55] and Samsonov [56], was 529 GPa.
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5.1.7 Compressive Strength. The compressive strength of the TiB, prepared by the present
SHS/DC technique was comparable to or in excess of hot-pressed TiB,. The value presented is the
average of three measurements. The compression test was difficult because it required near-perfect
alignment of the test system. Any point contacts between the specimen and spacers, or between the
spacers and rams, could cause a local failure of the specimen or spacers, resulting in a false
measurement. Furthermore, internal defects in the specimens such as cracks could also affect the
test results. Therefore, it was expected that the measured compressive strength would vary. The
maximum value obtained was 2.51 GPa, while the average was 1.84 GPa. For the sample for
which the maximum compressive strength was recorded, failure was accompanied by a loud
explosion-like sound, much stronger than that for the other samples. The samples were usually
blown into pieces as a result of the sudden release of energy. The compressive strength of
hot-pressed TiB, measured by Kotelnikov et al. [55] was 1.62 GPa, whereas that reported by
Samsonov [56] was 1.32 GPa.

Figure 10 shows a cleavage surface for TB9225 after the compression test. It shows both
intergranular and transgranular fracture. It is interesting to note that, during the hardness test, the
fracture mode was observed to be predominantly intergranular. The existence of the transgranular
fracture in the compression-ruptured samples might be related to the sudden release of the high
energy stored in the sample during the test. This, in addition to the fact that the compressive
strength of the SHS-prepared TiB, was comparable to that of the hot-pressed TiB,, suggested that

the relatively weak grain boundaries did not result in a reduction in the compressive strength.

5.2. TiC.

5.2.1 Physical Appearance of Compacts. As was the case for the TiB, compacts, the
SHS reacted and explosively compressed TiC compacts were recovered as single piece plates
(100 mm in diameter with 25 mm thickness). Photographs of the impact surfaces of TC9223 and
TC9242 are shown in Figure 11. The surfaces of the samples were smooth, and the steel rings
usually were not distorted. Two types of cracks were observed for the TiC samples: (1) major
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cracks, often going through the samples, and (2) smaller cracks, with a much higher number
density. The cracks resulted from residual strains, which may have been caused by the temperature
gradients within the compacts during cooling. It is expected that the outer surfaces of the compacts
cooled at faster rates than did the cores. Should the residual thermal stresses not be released by
plastic deformation, cracks would form as a result. Potential reasons that TiC was more prone to

cracking than TiB; are its lower heat of reaction and higher thermal expansion coefficient [40].

5.2.2 Density. Samples TC9223 and TC9242 were analyzed for density, composition, grain
size, and microhardness. Sample TC9223 was further analyzed to determine its Young’s modulus
and compressive strength. Some of the results are presented in Table 4. The density was 96.7% of
the theoretical density for TiCogo. The target density for TiC in this Phase I project was 95% of the
theoretical density.

Tabled4. Density, Grain Size, Hardness, Young’s Modulus, and Compressive Strength of

SHS/DC TiC
"~ | Relative | Young’s Compressive
Sample | Density Grain Size® Hardness® Modulus Strength
(%) (um) (kg/mm?) (GPa) (GPa) |

CT: 43+16 CT: 2999 + 202 458 + 14 1.0+0.2
CC: 41+ 14 CC: 2992 + 356 — —

Te9223 | 968 CB: 36+ 10 CB: 2925 +256 — —
MC: 35+£10 MC: 2985 + 289 — —
CT: 3613 CT: 3012 +437 — —
CC: 40+13 CC: 2834 +303 — —

TC9242) 937 CB: 2911 CB: 3068 + 185 — —
MC: 34+8 MC: 3005 + 202

% CT, CC, CB, and MC refer to positions given in Figure 2.

5.2.3 Composition. The XRD pattern of TC9223 is shown in Figure 12. The only phase
present was TiC. There was no evidence of residual elemental Ti or C, indicating that the synthesis
reaction proceeded to completion. No secondary phases were observed, perhaps due to the use of

pure starting materials. Electron probe microanalysis of the TiC grains showed that the C/Ti atomic
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Figure 12. XRD Pattern of TC9223.

" ratio was 0.85 + 0.04. This corresponds to a C atomic fraction of 0.46, which is within the
stoichiometric range for TiC, as given in the Ti-C-phase diagram [52].

5.2.4 Microstructure and Grain Size. Figure 13 shows an SEM of TC9223. The TiC grains
were more equiaxed than the TiB, grains; however, the TiC grains were not of uniform size, as was
the case for the TiB, samples. The TiC grains in some areas were coarse (=100 pum), whereas those
in other areas were fine (=20 um). The average was between 35 and 43 pm. The average grain size
in the area close to the impact surface was slightly larger than that in the area close to the nonimpact

surface.

Most of large pores (up to several micrometers in diameter) were on the grain boundaries. They

were most likely residual pores from the greenform. The small pores (<<l um) were
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Figure 13. An SEM of TC9223.

predominantly within the TiC grains. They might have resulted from the formation of volatile

products during the reaction.

5.2.5 Microhardness. The Knoop microhardness values of TC9223 and TC9242 were
approximately 3,000 kg/mm?® As was the case for the TiB, samples, the hardness measured for the
TiC sample from different areas was similar. The microhardness measured for the present
TiCcompacts was generally in agreement with those reported in the literature. More importantly,
the microhardness of the SHS/DC TiC was comparable to that of the hot-pressed TiC. The
reported hardness for TiC ranges from 1,500 to 3,200 kg/mm?®. The hardness reported by Kieffer
and Koélbl [57], for the same load used in this research (0.1 kg), was 3,200 kg/mm®. Riley and
Niiler [29] reported values between 1,500 and 2,700 kg/mm2 for SHS/DC TiC, and between 2,400
and 3,100 kg/mm? for hot-pressed TiC. The discrepancy between reported values has been

attributed to differences in the microstructures of the specimens and/or the test conditions [5].
The effects of test load on the hardness were also examined for TC9223 and TC9242. The

results are shown in Figure 14. The hardness decreased from 3,000 to 1,500 kg/mm?, as the test

load was increased from 0.1 to 5kg. Further increases in the load did not result in a significant
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Figure 14. Effects of Test Load on the Hardness of TiC Samples.

further reduction in the hardness. This reduction in hardness with test load was related to weak
grain boundaries; however, it was noticed that the decrease in hardness with test load was less
dramatic for TiC than for TiB,. The hardness of TiB, measured under a test load of 5 kg was only
1,200 kg/mmZ, whereas that for TiC was 1,500 kg/mmz. Note that the hardness of TiB, measured
under a load of 0.1 kg was higher (=3,400 kg/mm?) than that of TiC (=3,000 kg/mm?). These
results suggest that the grain boundary strength in TiC was greater than that in TiB, and that TiC

might be superior to TiB, for some hardness applications.
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The sample TC9223 was annealed at 1,500 and 2,000° C for 7.5 hr in an Ar atmosphere to
examine the effect of grain boundary strength on the hardness measured under different loads. The
result is shown in Figure 15. Annealing at 1,500° C did not increase the hardness (the exceptional
data point under a test load of 10 kg might be due to the nonuniformity of the TiC microstructure).
Annealing at 2,000° C for 7.5 hr significantly increased the hardness measured under a test load of
5 kg but did not increase the hardness measured under a test load of 10 kg. The less dramatic effect
of annealing on the hardness of TiC compared to TiB, might be due to the higher melting
temperature of TiC and the stronger initial grain boundary bonding for TiC.
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| —e—1500 °C, 7.5 hr
E] —6—2000 °C, 7.5 hr

Knoop Hardness (kgimm?)
>
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Figure 15. Effect of Annealing Temperature on the Hardness of TC9223 Under Different
Loads.

35.2.6 Young’s Modulus. The Young’s modulus of TiC prepared by SHS/DC was 548 * 14.
This value is the average of seven measurements. The elastic moduli reported by Samsonov [58],
were 451 GPa; that by McMurtry et al. [59] were 531 GPa; and that by Kingery, Bowen, and
Uhlmann [60] were 310 GPa. The present result was in good agreement with the Young’s modulus

reported by Samsonov.

5.2.7 Compressive Strength. The compressive strength of TiC was 1.0 + 0.2 GPa (average of
three measurements). The measured compressive strength was lower than the value reported by

Samsonov (1.35 GPa) [58]. This might be due to the extensive cracks present in our TiC

é
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samples. The cracks could cause local failures in the samples, resulting in lower compressive
strengths. Figure 16 is a cleavage surface of the sample TC9223 after the compression test. Similar
to observations for TB9225, a mode including both intergranular and transgranular fractures was

observed for TC9223. The transgranular fracture might be due to the sudden release of strain

energy stored in the sample.
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Figure 16. A Cleavage Surface of TC9223 After the Compression Test.

6. Summary
The primary objective of this Phase I effort was to produce plates of TiB, at 98% of theoretical

density and TiC at 95% of theoretical density using the SHS and DC technique. The compositional,

microstructural, and mechanical properties of these materials were evaluated.
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TiB; and TiC compacts with diameters of 100 mm and thicknésses of 25 mm were fabricated
successfully. Theoretical densities of 99% for TiB, and almost 97% for TiC were achieved, thus
satisfying the primary goal of this research. The hardnesses measured using a load of 0.1 kg for
SHS/DC TiB, and TiC averaged 3,286 and 2,975 kg/rnm2 (32.2 and 29.2 GPa), respectively. The
hardness decreased as the applied load was increased, indicating that the grain boundaries were
relatively weak. Annealing in Ar at temperatures greater than or equal to 1,500° C increased the
hardness measured at a load of 5 kg. The Young’s moduli were 548 GPa for TiB, and 458 GPa for
TiC, and the compressive strengths were 1.8 GPa for TiB; and 1.0 GPa for TiC. The mechanical
properties of these SHS/DC ceramics were comparable to or greater than those reported for

materials prepared by conventional hot-pressing methods.

It was found that the TiB, plates prepared using the less-pure B powders (1-5% C impurity) had
mechanical properties comparable to those of plates prepared using the pure powders. According to
projections by Niiler et al. [30], the raw materials costs could account for 66% of the total
production cost for SHS/DC TiB, and about 23% for SHS/DC TiC, if pure precursors are
employed. If, as indicated by the present experimental results, high-quality TiB, and TiC plates can
be produced from less-pure powders or mixtures of B and C without sacrificing the density and/or

mechanical properties, the total production costs could be greatly reduced.
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